The Pseudomonas aeruginosa tonB gene was cloned by complementation of the tonB mutation of Pseudomonas putida strain TE516 (w. Bitter, J. Tommassen & P. J. Weisbeek, 1993, Mol Microbiol 7,117-130). The gene was 1025 bp in length, capable of encoding a protein of 36860 Da. As with previously described TonB proteins, the P. aeruginosa TonB (TonB, , ) was rich in Pro residues (18.1 O h ) and contained Glu-Pro/Lys-Pro repeats. Unlike previously described TonB proteins, however, TonB, , .
INTRODUCTION
Energy-dependent receptor-mediated ligand uptake across the outer membrane of Gram-negative bacteria is dependent upon the function of the product of the tonB gene (Postle, 1990a . This Pro-rich protein is, in Escbericbia coli, anchored to the cytoplasmic membrane via its N terminus and extends into the periplasm (Postle & Skare, 1988; Roof etal., 1991 ; Hannavy etal., 1990 ) where it appears to interact with receptor proteins in the outer membrane (Heller et al., 1988; Giinter & Braun, 1990;  IP: 54.70.40.11
On: Thu, 03 Jan 2019 15:15:17 K. POOLE a n d OTHERS (Heller e t al., 1988; Bell et al., 1990) or by the C terminus (Larsen et al., 1993) which is required for TonB activity (Anton & Heller, 1991 ; Bruske & Heller, 1993) . The Prorich domain of TonB, which is responsible for the anomalous migration of the protein on SDSpolyacrylamide gels (Larsen et al., 1993) , is predicted to adopt an elongated, structurally constrained conformation (Evans et al., 1986; Brewer e t al., 1990) consistent with an apparent role in extending downstream/Cterminal TonB sequences across the periplasmic space where they can interact with receptor molecules (Larsen e t al., 1993) .
Full TonB function in E. coli is dependent upon the products of the exbB and exbD genes (Guterman & Dann, 1973; Hantke & Zimmermann, 1981 ; Eick-Helmerich & Braun, 1989) found in the cytoplasmic membrane (Kampfenkel & Braun, 1992; Kampfenkel & Braun, 1993) . The former is involved both in the stabilization of TonB (Karlsson e t al., 1993b; Skare & Postle, 1991; Fischer et al., 1989) , apparently via an interaction with the TonB N terminus (Larsen e t al., 1994; Karlsson e t al., 1993a; Jaskula e t al., 1994; Traub e t al., 1993) , and in the energy transduction process itself (Skare e t a/., 1993) . Both tonB (Postle & Good, 1983 ; Bruske & Heller, 1993) and the exb (Eick-Helmerich & Braun, 1989) genes are preceded by Fur consensus binding sequences, consistent with the observed increase in expression of these genes under conditions of iron-limitation (Postle, 1990b ; Hantke & Zimmermann, 1981) . tonB genes have been identified and characterized in a number of bacteria including Salmonella t_yphimsrrium (Hannavy e t al., 1990) , Serratia marcescens (Gaisser & Braun, 1991) , Enterobacter aerogenes (Bruske & Heller, 1993) , Klebsiella pnesrmoniae (Bruske e t al., 1993) , Yersinia enterucolitica (Koebnik et al., 1993) , Pseudomonas putida (Bitter e t al., 1993) , Haemophilus injuengae (Jarosik e t al., 1994) and Haemophilus ducreyi (Klesney-Tait e t al. , 1994).
With the exception of the proteins from Haemophilus spp.
(30-31 % identity) and P. psrtida (28 YO identity), the TonB proteins exhibit a very high degree of sequence similarity (56-95% identity) with the E. culi TonB protein (TonB,.,.) . While the tonB gene is not linked to exbB and exbD homologues in most of the bacteria where they have been identified, the three genes appear to form an operon in P.psrtida and H. injueqae (Bitter e t al., 1993; Jarosik et al., 1994) . P. aeruginosa expresses a number of outer-membrane proteins with homology to TonB-dependent receptors, including receptors for the ferric complexes of the siderophores pyoverdine (Poole e t al., 1993c) , pyochelin (Heinrichs et al., 1991 ; Ankenbauer & Quan, 1994) and enterobactin (Dean & Poole, 1993a) . This homology and the fact that the P. aeruginosa ferric enterobactin receptor PfeA is active in E. culi (Dean & Poole, 1993a) suggests that receptor-mediated ferric siderophore uptake in P. aeruginosa utilizes a TonB-like system and, therefore, that a tonB homologue exists in this organism. In this report we identify and characterize a P. aeraginosa tonB gene (tonB,.J which can functionally replace the tonB genes of E. coli and P. putida.
METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are described in Table 1 . Spontaneous streptomycin-resistant derivatives of P. aeruginosa were isolated by harvesting 5 ml of an overnight L-broth culture and plating the pellet (resuspended in 100 pl) on L-agar containing 1000 pg streptomycin ml-'. Distinct colonies appearing after 24-48 h incubation at 37 O C were recovered. For the construction of pTON-6, a ca 1.4 kb BamHI fragment of pTON-4 carrying the 5' end of tonB and upstream sequences was cloned into the unique BgflI site of pMP190 such that tonB was in the same orientation as the downstream, promoterless lacZ gene of this vector (Fig. 1) . In constructing pTON-11, a ca 1.2 kb MscI-BsrBI fragment of pTON-4, also carrying the 5' end of tonB and upstream sequences, was cloned into the unique SmaI site of pPZ30, such that tonB was in the same orientation and inframe with the downstream lacZ gene of this vector (Fig. 1) .
Growth conditions. The iron-deficient minimal medium used has been described previously (Poole e t al., 1991) . Succinate was replaced with glucose (0*4%, W/V) in this medium when culturing E. d i cells. Arginine-HC1 (1 mM) and methionine (1 mM) were included in minimal medium as needed. L-broth (Poole et al., 1990) or, where indicated, Brain Heart Infusion (BHI, Difco) were employed as the rich media. Antibiotics, including ampicillin (100 pg ml-'), streptomycin (500 pg ml-', or as indicated) chloramphenicol (30 pg ml-', E. coli; 200 pg ml-', P. aeruginosa), tetracycline [ l o pg ml-', E. coli; 25 pg ml-' (minimal medium) or 40 pg ml-' (rich medium), P. putida], nalidixic acid (25 pg ml-') and HgC1, (15 pg ml-') were included in growth media as appropriate. Solid media were obtained by the addition of Agar-agar (BDH) at 1.5% (w/v).
Bacteria were cultured at 37 O C (E. coli and P. aeruginosa) or
O C (P. putida).
DNA methods. Plasmid DNA was routinely prepared by the alkaline lysis procedure (Sambrook e t al., 1989) . For sequencing purposes the DNA was purified on CsCl gradients (Sambrook et al., 1989) or using the Wizard Minipreps DNA Purification System (Promega) as outlined by the manufacturer. Restriction endonucleases and T4 ligase were obtained from Life Technologies or NEB and used according to the manufacturers' instructions or as described by Sambrook et a/. (1989) . Transformation of E. coli (Sambrook et al., 1989) and P. aeruginosa (Berry & Kropinski, 1986) with plasmid DNA were performed as described. Restriction fragments were isolated, as required, from agarose gels (0.8-1-5 %, w/v) using the Prep-a-gene system (Bio-Rad) as directed by the manufacturer. Introduction of plasmid (pRK415 and its derivatives) (Fig. 1) or cosmid (pLAFR3 library) (see below) DNA into P. putida required a triparental mating procedure employing the helper vector pRK2013 (Figurski & Helinski, 1979) . Briefly, 100 pl of overnight cultures of plasmid-/cosmid-containing E. coli 5K or HB101, pRK2013-containing E. coli MM294 and P. putida TE156 were pelleted together in a microfuge tube, resuspended in 25 pl L-broth and spotted onto the centre of an L-agar plate. Following incubation overnight at 30 OC, bacterial growth was resuspended in 1 ml L-broth, plated on L-agar containing tetracycline (to select for plasmid-/cosmid-containing TE156) and nalidixic acid (to select against the E. coli strains) and incubated for 1-2 d at 30 "C.
Construction of a pLAFR3 library of P. aeruginosa PAOl chromosomal DNA. Chromosomal DNA of P. aerzrginosa PAOl, prepared by the method of Marmur (1961) , was subjected to partial Sau3A digestion and fractionated on a sucrose gradient as described (Sambrook e t al., 1989) . Fractions enriched for DNA of 20 kb in length (as determined by agarose gel electrophoresis) were recovered, dialysed to remove the sucrose and ligated to the broad-host-range cosmid cloning vector pLAFR3 previously treated with BamHI and calf intestinal alkaline phosphatase (Sambrook e t al., 1989) . Cloning of the tonB,,. gene. The pLAFR3 library of P.
aeruginosa chromosomal DNA was mobilized en mas.re into the P. putida tonB strain TE156 using pRK2013 and a triparental mating procedure (see above). Following the overnight incubation, however, bacterial growth was resuspended in 1 ml of iron-deficient (succinate) minimal medium and washed three times in the same medium before being plated onto irondeficient (succinate) minimal medium plates containing tetracycline and nalidixic acid. Cosmid DNA was subsequently prepared from colonies appearing after 48 h incubation at 30 "C and re-introduced into TE156 via triparental mating to confirm the ability of the cosmid DNA to facilitate growth of TE156 on iron-deficient minimal medium.
Nucleotide sequencing. DNA for sequencing was obtained as double-stranded template and sequenced by the Centres of Excellence Core Facility for Protein/DNA Chemistry at Queen's University. Overlapping sequence from both strands was obtained using a series of custom-synthesized primers.
Because of difficulties in cloning the 2.8 kb tonB-containing PstI fragment of pTON-4 onto sequencing vectors such as pUCP18/19, this region was actually cloned as two separate BamHI-PstI fragments in pUCP18 and sequenced. A 500 bp MscI fragment which encompasses the BamHI site in tong was also cloned in pUCPl8 and sequenced to provide sequence data across this restriction site. Nucleotide and deduced amino acid sequences were analysed using the PC Gene software package (Intelligenetics).
Expression of the cloned tonB,,. gene. To identify the product of the cloned tonB,.,. gene, the phage T7-based expression system of Tabor & Richardson (1985) was employed as described previously (Poole et al., 1993a) .
In vitro mutagenesis of tonB,,. The cloned tonB,.,. gene was mutagenized in vitro by the insertion of an HgC1, resistance interposon (OHg) into the unique BamHI site in tonB,.,.. Briefly, the tonB,,,.-containing 2-8 kb PstI fragment of plasmid pTON-4 was cloned into pSUP202ATc, a derivative of the gene replacement vector pSUP202 carrying a deletion in the tet gene which eliminates the previously unique BamHI and Hind111 sites in t h s vector. This recombinant (pTON-12) was subsequently digested with BamHI and ligated to a 5 kb BamHI fragment of plasmid pHP45RHg carrying the RHg interposon. The tonB::RHg construct was then recovered on a 7.8 kb PstI fragment and cloned into the unique PstI site of pRK415 to yield pTON-5 (Fig. 1 ).
Construction of a P. aeruginosa ton6 mutant. Introduction of pTON-12 into E. coli S17-1 and mobilization into P. aerzrginosa via conjugation, according to a previously described procedure (Poole et ak., 1993a) , failed to generate the desired tonB : : SZHg strains of P. aerzrginosa. Thus, the tonB: :SZHg-carrying 7.8 kb PstI fragment (see above) was cloned into the unique SmaI site of the gene replacement vector pEXl OOT following conversion of this site to a PstI site with PstI linkers (Stratagene) according to the manufacturer's instructions. The recombinant pEXlOOT carrying the SZHg-disrupted tonB gene (called pTON-13) was subsequently transformed into E. coli S17-1 and mobilized into P. aerzrginasa via conjugation as described by Poole e t al. (1993a) .
T o permit counterselection of the donor E. coli strain in these experiments, the recipient P. aeruginosa strains were either streptomycin-resistant or spontaneous streptomycin-resistant derivatives were isolated as described above. Following conjugation, the mating mixture was plated on L-agar containing streptomycin, HgCl, and sucrose (5 %, w/v) and colonies appearing after 48-72 h incubation at 37 O C were recovered. The tonB genes were amplified (by PCR) from representative colonies of each mating to confirm disruption of the chromosomal tonB gene by replacement with the tonB : : RHg construct. Briefly, chromosomal DNA was prepared as described by Growth assays of P. aeruginosa tonB mutants. tonB mutants and their parent strains were cultured at 37 "C overnight in BHI broth and subsequently diluted into BHI broth in the presence and absence of ethylenediamine di(o-hydroxyphenylacetic acid) (EDDHA) (25 p ml-' for PA06609 and its tonB derivative K883; 10 pg ml-for K372 and its tonB derivative K886) to a final OD6oo of 005-0.1. Bacterial growth was assayed by monitoring the change in OD6oo over time of cultures shaken (200 r.p.m.) at 37 OC. To assess the ability of tonB mutants and their parents to utilize siderophores, 1 ml irondeficient (succinate) minimal medium containing EDDHA
(1 50 pg ml-'), with and without siderophore supplementation [pyoverdine, 100 pg ml-'; enterobactin, 50 pl concentrated E.
coli culture supernatant ml-' (see below)], was inoculated with lo7 organisms, incubated overnight at 37 "C and assessed visually for growth.
Growth promotion by pyoverdine and pseudobactin. The P. pzrtida WCS358 tonB strain TE156 (lo7 organisms) was plated onto the surface of an iron-deficient (succinate) minimal plate and filter discs impregnated with various concentrations of pyoverdine,,, (prepared from P. aerzrginosa PAO1) and pseudobactin,,, (prepared from P. p i d a WCS358) placed on the plates. Following overnight incubation at 30 OC, plates were examined for evidence of growth in the region surrounding the filter discs.
f Growth promotion by enterobactin. Enterobactin-containing 25-fold concentrated spent culture supernatant was prepared from 1 litre overnight cultures of E. coli JR20 as described previously (Poole et al., 1990 Psegdomonas aeraginosa tonB gene overnight in iron-deficient (glucose) minimal medium supplemented with arginine and methionine and diluted to an OD,,, of 0.05 in the same medium containing EDDHA (100 pg ml-l) and enterobactin (7.5 p1 concentrated spent culture supernatant ml-'). Cultures were incubated at 37 O C with shaking and growth (change in OD,,,) monitored over time. Plate assays of enterobactin growth promotion were carried out by plating lo7 organisms onto iron-deficient (glucose) minimal medium plates containing arginine, methionine and EDDHA (see above) and overlaying filter discs impregnated with varying concentrations of enterobactin (as concentrated culture supernatant). Following overnight incubation at 37 "C, plates were examined for evidence of growth surrounding the filter discs.
Growth promotion by vitamin B,2. To assess the ability of vitamin B,, to promote the growth of selected E. coli metE strains and their plasmid-containing derivatives, these strains were cultured overnight in iron-deficient minimal (glucose) medium supplemented with vitamin B,, (5 nM) and diluted to OD,,, = 0.05 in the same medium. Cultures were then incubated at 37 "C with shaking and growth monitored as described above. Plate assays of vitamin B,, growth promotion were carried out as described above except that the plates were not supplemented and the discs were impregnated with varying concentrations of vitamin B12.
Plate assay for phage sensitivity. To assess the sensitivity of various E. coli strains to phage $30, 5 p1 10-fold dilutions of a phage stock were spotted onto L-agar plates streaked with lo7 bacteria. Plaque formation was assessed following overnight incubation at 37 "C.
pGalactosidase assays. P. aemginosa carrying derivatives of the lacZ fusion vector pMP190 were cultured overnight at 37 "C in BHI containing chloramphenicol and diluted 100-fold into fresh BHI without antibiotic. Following growth to early exponential phase, EDDHA was added, where indicated, and all cultures incubated a further 1.5 h before being assayed for /3-galactosidase activity as described by Miller (1992) .
RESULTS

Cloning of tonB,,.
To clone tonB,.,., attempts were made to complement the growth defect of a P. p h d a tonB strain (TE156) on irondeficient minimal medium. Thus, a pLAFR3 library of P. aeraghosa P A 0 DNA was moved into P. putida TE156 and colonies growing on iron-deficient minimal medium recovered. Cosmid DNA isolated from these colonies exhibited a common 8.5 kb EcoRI fragment which itself was able to restore growth of TE156 on iron-deficient minimal medium ( Fig. 1; plasmid pTON-1) . The fragment also restored the ability of TE156 to utilize iron-siderophore complexes as confirmed by pyoverdineand pseudobactin-dependent growth of pTON-l-containing TE156 (but not TE156 itself) on EDDHAcontaining minimal medium (data not shown). Cleavage at the unique BamHI site on the EcoRI fragment (plasmids pTON-2 and pTON-3) abolished complementation of the growth defect (Fig. l) , suggesting that this restriction site occurs within the complementing gene. Indeed, a 2.8 kb PstI fragment encompassing the BamHI site (pTON-4) restored growth of TE156 on iron-deficient medium and insertion of a H g into the BamHI site (pTON-5) abolished growth restoration (Fig. 1 ).
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To identify the gene(s) complementing the growth defect in the P. putida tonB strain TE156, the region of pTON-4 flanking the BamHI site was sequenced. The largest ORF identified (1025 bp) begins with an ATG start codon and was designated tonB,.,. (Fig. 2) not shown). Although additional candidate translation initiation sites (GTG) exist within the tonB,,,. ORF, inframe fusion of tonB,,,. sequences upstream of a BsrBI restriction site (includes the ATG codon but none of the GTG codons) (Fig. 2) to lacZ in the translational fusion vector pPZ30 ( Fig. 1 ; pTON-11 ) yielded active enzyme ( Table 2 ), suggesting that translation initiation begins upstream of this restriction site, likely at the indicated ATG. Expression of this translational fusion as well as a transcriptional tonB,.,.-lacZ fusion ( Fig. 1 ; pTON-6 ) was markedly enhanced under iron-limiting (+ EDDHA) conditions (Table 1) . Consistent with this, a sequence exhibiting homology to the consensus Fur binding sequence (13/19 matches) was identified upstream of tonB,.,. , overlapping a putative 0'' promoter region (Fig. The deduced TonBp.,. polypeptide is rich in Pro (18.4 %) and exhibits a (Lys-Pro), repeat typical of previously described TonB proteins. Although a substantial Glu-Pro repeat sequence, also typical of TonB proteins, was absent from the Pro-rich domain of the TonB,.,. homologue, this region did exhibit some short Glu-Pro sequences (Fig. 2) . A hydropathy plot of the deduced TonB sequence revealed a single region of substantial hydropathicity (L88-Ml08) (Fig. 2) predicted to be membrane-spanning (data not shown). This region is preceded by two basic amino acids (K83 and R85), suggestive of a leader/signal sequence, and may, in fact, represent an internal signal/ membrane anchor sequence.
2).
Isolation and characterization of a tonB mutant strain of P. aeruginosa Despite many previous successes using the gene replacement vector pSUP202 and its relatives to construct knockout mutations in various P. aeruginosa genes (Poole , 1993b ) all attempts at constructing a tonB mutant using pTON-12 (pSUP202ATc : : tonB : : RHg) were unsuccessful. Thus, the RHg-disrupted tonB gene was cloned into the newly described gene replacement vector pEXlOOT and ultimately inserted into the P. aerzrginosa chromosome, replacing the wild-type copy of the gene. Successful gene replacement (as confirmed by PCR analysis of the chromosomal tonB genes, data not shown) was achieved in the pyoverdine-deficient strain PA06609 (yielding strain K883) and the pyoverdine-/pyochelindeficient strain K372 (yielding strain K886). tong mutants of the p yoverdine-producing P A 0 1 derivative K335 were, however, not obtained, despite numerous attempts. As reported previously for tonB strains of other bacteria (Bitter e t al., 1993; Wang & Newton, 1969) , the tonB mutants K883 (Fig. 3 ) and K886 (data not shown) grew poorly in an iron-limited (+ EDDHA) but not iron-rich medium while the parent strains PA06609 (Fig. 3 ) and K372 (data not shown) exhibited no such growth defect in an iron-limited medium. Moreover, the growth restriction imposed on pyoverdine-deficient strains by 150 pg EDDHA ml-' in minimal medium (Poole et al., 1991) , while reversed by the exogenous addition of pyoverdine or enterobactin in the case of PA06609 and K372, was not reversed by these siderophores in the tonB mutants (data not shown).
Homology of TonB,, and other TonB proteins
Although the tonB,.,. gene was cloned by its ability to complement certain features of the tong mutation in P. pzrtida TE156, the predicted TonB,.,. product was not very similar to the P. pzitida TonB protein (22.3% identity). Indeed, other than the Pro-rich domain, no regions of substantial homology were identifiable in these proteins (data not shown Psetldomonas aerziginosa tonB gene SPOPSRSPORFSLAALAEDHPTAPAOGDESESLPCVNAORGEPNLRVVDC 50 substantially more homology to TonBE.,. (332 % identity). In addition to the Glu-Pro/Lys-Pro domain, which is reasonably conserved between these two proteins, a region near the C terminus of TonBp.,. was highly similar to a region at the C terminus of TonBE.c. (Fig. 4) . This Cterminal domain is also conserved in the majority of TonB proteins so far sequenced (Fig. 4) , the exceptions being the TonB proteins of P.putida and H. infuenxae. Moreover, residues Gly-174, Gly-186 and Arg-204 of TonBE.,., shown to be important for certain activities of this protein (Traub e t al., 1993) , are conserved in these TonB proteins (Fig. 4) . TonBP.,. is substantially larger than previously described TonB proteins (341 residues in TonBpaa. vs. 239-261 residues in the other TonB proteins). Stojiljkovic & Hantke, 1992) would seem to indicate that the TonB mechanism of energy-/receptor-dependent ligand uptake across the Gram-negative outer membrane (Postle, 1990a While there is limited homology between the N-terminus of TonB,.,., a region implicated in the interaction with ExbB in E. cola' (Larsen e t al., 1994; Karlsson et al., 1993a; Jaskula e t al., 1994; Traub e t al., 1993) , and the corresponding region of TonB,.,., this region of both proteins is characterized by the presence of a hydrophobic, predicted (in the case of TonB,.,.) membrane-spanning ahelical domain. Furthermore, His-20 of TonBE.,. (His-1 9 in the mature protein is depicted in Fig. 4 ), which appears to be very important for TonB activity (Traub e t al., 1993) , is conserved in TonB,.,.. These may explain, in part, the activity of TonBp.a. in E coli and are probably Although the apparent molecular mass of TonBp.,. is substantially larger than that predicted from the tonBPa,, sequence, anomalous migration on SDS-polyacrylamide gels is a hallmark of TonB proteins, which typically exhibit apparent molecular masses some 10 kDa larger than that predicted from gene sequences [e.g. TonBEaC. is predicted to be 26 kDa based on nucleotide sequence data but migrates on polyacrylamide gels with an apparent molecular mass of 36 kDa (Postle & Good, 1983) l. The larger apparent molecular mass of TonB,.,. relative to TonBE.,. is, however, consistent with the sequence data which predicts it to be larger.
Activity of
The alignment presented in Fig. 4 indicates that the bulk of the additional residues in TonBp,,. occurs at the N terminus of the protein, upstream of the predicted membrane-spanning, putative internal signal/membrane anchor sequence. As such, it is likely that the extra residues are disposed to the cytoplasmic side of the cytoplasmic membrane. The functional significance of this novel N-terminal extension is unknown and no homology between this domain and known proteins was identified during a search of the GenBank databases. It is intriguing to note, however, that an N-terminal extension was previously identified in the ExbB homologue of P.
p t i d a (ExbB,.,.) (Bitter et al., 1993) which was, nonetheless, active in E. coli. It was speculated that the presence of this N-terminal domain in ExbBpap. is somehow related to the nature of some TonB-dependent ferric siderophore receptors in this organism which are characterized by N-terminal, presumed periplasmic, extensions not typical of most TonB-dependent receptors (Bitter et al., 1993) . Interestingly, the outer-membrane receptor for ferric pyoverdine in P. aemginosa, FpvA, a protein showing homology to the TonB-dependent family of receptors, also appears to possess a periplasmic Nterminal extension (Poole et al., 1993~) . It is possible, therefore, that the presence of this periplasmic domain in these outer-membrane receptors necessitates changes in the TonB-ExbB-ExbD complexes of these organisms which might explain the additional N-terminal domains in ExbBPap. and TonB,.,..
